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Abstract

Characterized by pain, cartilage degradation, and inflammation, osteoarthritis is often treated with 

anti-inflammatory therapies that provide short-term relief but can have adverse side effects; intra-

articular drug delivery systems with controlled release of anti-inflammatory peptides using 

degradable poly(N-isopropylacrylamide) (pNIPAM) nanoparticles could prolong relief and 

minimize these side effects. Nanoparticles provide a biocompatible drug carrier that can protect 

encapsulated therapeutics from enzymatic degradation and increase payload delivery upon 

encountering a degradation stimulus. Here we demonstrate passive targeting of inflamed cartilage 

ex vivo by uptake of PEGylated pNIPAM nanoparticles with degradable disulfide crosslinks 

(abbreviated as NGPEGSS) into chondrocytes and subsequent intracellular release of an anti-

inflammatory peptide KAFAKLAARLYRKALARQLGVAA (KAFAK). The KAFAK-loaded 

NGPEGSS treatment reduced ex vivo inflammation to a greater extent compared to its non-

degradable counterparts. This study highlights a nanoparticle system that delivers therapeutics 

intracellularly with improved efficacy by triggered degradation and suppresses inflammation in 

multiple cell types within an inflamed joint.

Graphical Abstract

The anti-inflammatory MK2 inhibiting peptide, KAFAKLAARLYRKALARQLGVAA (KAFAK), 

has shown promise as a therapy for osteoarthritis; however its susceptibility to proteases in the 

blood and synovial fluid limit its therapeutic potential. Here we investigate a thermosensitive 

nanoparticle system to protect KAFAK from premature extracellular degradation. The 

nanoparticles are stable in the extracellular environment, but degrade upon uptake into cells 

through reduction of disulfide crosslinks. This study shows that these nanoparticles are taken up 
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into chondrocytes, delivering KAFAK and suppressing inflammation to a greater extent than non-

degradable nanoparticle counterparts.
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INTRODUCTION

Osteoarthritis, affecting ~27 million Americans (1, 2), is the leading cause of chronic 

disability in the United States (3). It is primarily characterized by a progressive cycle of 

chronic inflammation (4) and cartilage degradation, causing joint pain and stiffness. In 

response to sustained levels of pro-inflammatory cytokines, chondrocytes synthesize 

proteolytic enzymes that degrade extracellular matrix components (5, 6), including aggrecan 

(7), stimulating additional inflammation and facilitating penetration of inflammation and 

degradation factors into the cartilage. Osteoarthritis is treated with anti-inflammatory 

therapies that provide short-term relief and can have adverse side effects. Locally-delivered, 

degradable, controlled release, anti-inflammatory drug delivery systems could prolong relief 

and minimize side effects.

Brugnano et al. (8) investigated an anti-inflammatory cell-penetrating peptide 

KAFAKLAARLYRKALARQLGVAA, (KAFAK), which inhibits MAPK-activated protein 

kinase 2 (MK2). MK2 controls the synthesis of many pro-inflammatory cytokines, including 

IL-1, TNF-α, and IL-6 (6, 9–11). The MK2 pathway is triggered in osteoarthritis and 

promotes release of enzymes that degrade cartilage (6). KAFAK treatments are susceptible 

to peptidases in the blood and synovial fluid. To limit systemic exposure and premature 
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degradation of KAFAK, our laboratory has designed polyN-isopropylacrylamide (pNIPAM) 

nanoparticle delivery systems to increase the peptide’s therapeutic lifetime (12–16).

pNIPAM has numerous applications in drug delivery due to its lower critical solution 

temperature (LCST) between 31°C and 33°C (17, 18). pNIPAM nanoparticles swell in 

aqueous solutions at temperatures below the LCST where they can be rapidly loaded with 

agents by diffusion, and collapse at temperatures above the LCST thus entrapping diffusible 

agents (13, 14) followed by slow release. To tailor pNIPAM nanoparticles to load and 

release cationic peptides, co-polymerization of 2-acrylamido-2-methyl-1-propanesulfonic 

acid (AMPS), an anionic sulfated monomer has been used (13, 14). Further, co-

polymerization with polyethyleneglycol (PEG) can decrease non-specific protein binding 

(19), and endolytic degradation can be instilled using the degradable crosslinker 

bis(acryloyl)cystamine (BAC).

We previously reported a one-pot synthesis incorporating NIPAM, AMPS, BAC, and PEG 

monomers, with fluorescein o-acrylate for visualization, to develop a system (NGPEGSS) 

that degraded in the low-pH and reducing environment of endolysosomes. In RAW 264.7 

macrophages, an approximately 6-fold greater KAFAK release and improved anti-

inflammatory response was seen with NGPEGSS compared to non-degradable 

NGPEGMBA counterparts (16). While Bartlett et al. reported delivery of KAFAK to 

damaged cartilage in pH sensitive pNIPAm nanoparticles, the nanoparticles continuously 

degraded before reaching the target cell, thus limiting the therapeutic potential of the system 

(15).

As a step toward developing an improved KAFAK delivery system for osteoarthritis, we 

investigated the ability of the NGPEGSS nanoparticles to selectively penetrate damaged 

cartilage. We also investigated the ability of NGPEGSS, which show enhanced extracellular 

stability and improved KAFAK retention and release, to effectively suppress inflammation 

via chondrocyte uptake in an ex vivo model of osteoarthritis.

METHODS

Nanoparticle and peptide synthesis were performed and characterized as previously reported 

with no modifications (16). Details of experimental methods are provided in supplementary 

materials.

RESULTS

Chondrocyte Nanoparticle Uptake and Cytotoxicity

Confocal microscopy confirmed the uptake of both fluorescent degradable NGPEGSSF and 

non-degradable NGPEGMBAF nanoparticles into primary chondrocytes after 24 h 

incubation but not after 4 h incubation (Figure 1). Figure 1 also demonstrates co-localization 

of green fluorescent nanoparticles with red endolysosomal compartments for both MBA and 

BAC crosslinked nanoparticles. Semi-quantitative green/red fluorescence ratio analysis in 

Figure 2 suggests that the co-localization of nanoparticles in endolysosomal compartments is 

similar, as determined by the area ratio, but the total number of nanoparticles taken up into 
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these intracellular compartments is significantly greater for the NGPEGSS as compared to 

the NGPEGMBA nanoparticles as evaluated by the integrated intensity ratio.

The CellTiter assay showed no significant cytotoxicity after incubation for 48 h with 

NGPEGSS, NGPEGMA, or free KAFAK peptide (Supplementary Figure 1).

Cartilage Penetration by Nanoparticles

Incubation of cartilage explants for 24 h with FITC-labeled nanoparticles revealed greater 

penetration of nanoparticles throughout inflamed, aggrecan-depleted cartilage plugs 

compared to their healthy counterparts (Figures 3 & 4).

IL-6 Expression in Cartilage Explants Treated with KAFAK-loaded Nanoparticles

Inflamed, aggrecan-depleted cartilage explants treated with KAFAK-loaded NGPEGSS or 

NGPEGMBA exhibited significant suppression of IL-6 secretion on days 4, 6, and 8 (plots E 

& G). Furthermore, NGPEGSS decreased IL-6 production by a greater degree compared to 

NGPEGMBA on days 6 and 8. These anti-inflammatory effects can be ascribed to KAFAK 

released from the nanoparticles, as the empty nanoparticles do not suppress IL-6 secretion 

(plots D & F). As demonstrated by plot C, free KAFAK treatment was not effective in 

inflammatory suppression presumably due to rapid degradation by peptidases present in 

serum-supplemented media.

DISCUSSION

To develop a clinically relevant nanoparticle therapy for intra-articular injection to treat 

osteoarthritis, it is imperative that the nanoparticles do not aggregate in aqueous solutions 

and effectively deliver their payload to the target cells. As described previously, in aqueous 

solutions pNIPAM nanoparticles with 5% AMPS co-monomer remain spherical, well 

dispersed, and capable of delivering therapeutic peptides (14, 16). KAFAK-loaded pNIPAM 

nanoparticles with N,O-dimethacryloyl hydroxylamine (DMHA) crosslinks were reported to 

impart anti-inflammatory activity in cartilage explants and to penetrate deeply into 

aggrecan-depleted cartilage (15). However, the extracellular instability of the DMHA-

crosslinked nanoparticles resulted in rapid release of KAFAK and may not have efficiently 

protected the KAFAK from extracellular proteases. In contrast NGPEGSS nanoparticles 

were stable and released less than 10% of the loaded KAFAK over 96 h at pH 7.4; however 

up to ~30% of loaded KAFAK was released within the same 96 h period in a reducing 

environment where the particles degraded (16). Limiting the extracellular KAFAK release 

may further improve payload delivery by protecting KAFAK from proteases within synovial 

fluid.

In exploring efficacy of the NGPEGSS nanoparticle system for treatment of osteoarthritis, 

uptake in macrophages was confirmed (16), but no studies confirming cartilage penetration, 

nor uptake in chondrocytes were reported. In studies presented here, as expected based on 

chondrocyte uptake of other nanoparticle carriers (chitosan (20), iron oxide (21, 22), and 

PLGA (23)) ranging from 50 nm to 300 nm, we observed nanoparticle uptake into 

endolysosomal compartments within chondrocytes (Figures 1 & 2). Further we observed 

reduced chondrocyte expression of inflammatory cytokines upon uptake of KAFAK-loaded 
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nanoparticles. Importantly for treatment of osteoarthritis, these nanoparticles reduce 

cytokines secreted by macrophages (16) as well as chondrocytes. This suggests that our 

sulfated PNIPAM nanoparticle system penetrates inflamed cartilage and then gets taken up 

not only by macrophages that have evolved to endocytose foreign objects, but also by 

chondrocytes; therefore this delivery system shows significant promise for treatment of 

articular cartilage via intraarticular injection.

While the disulfide crosslinked nanoparticles exhibit the majority of their KAFAK release 

within 24 h of encountering a degradation stimulus, they remain stable and release less than 

10% of the loaded peptide prior to entering endolysosome-like environments (16). Further, 

they significantly prolonged suppression of the secretion of IL-6 by inflamed, aggrecan-

depleted cartilage. Their ability to diffuse into this damaged cartilage, get taken up by 

chondrocytes and macrophages, and maintain the majority of their payload prior to cell 

uptake may make these systems ideal for treatment of osteoarthritis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

NG pNIPAM-AMPS

BAC N,N’-bis(acryloyl)cystamine

SS disulfide crosslinker

NGSS pNIPAM-AMPS-disulfide

NGPEGSS PEGylated-pNIPAM-AMPS-disulfide

NGPEGSS PEGylated-pNIPAM-AMPS-disulfide

NGSSF pNIPAM-AMPS-disulfide-fluorescein

NGPEGSSFPEGylated-pNIPAM-AMPS-disulfide-fluorescein

MBA N,N’-methylenebisacrylamide

NGMBA non-degradable pNIPAM-AMPS-MBA

NGPEGMBAnondegradable PEGylated-pNIPAM-AMPS-MBA
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Figure 1. Confocal microscopy of primary bovine chondrocytes incubated at 37°C with (1) 
NGPEGMBA and (2) NGPEGSS
(A) non-fluorescent nanoparticles as negative controls; (B&C) fluorescent nanoparticles 

after (B) 4 h and (C) 24 h incubation; (D) Lysotracker DND-99; (E) green nanoparticle 

overlay on red endolysosomes.
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Figure 2. Semi-quantitative fluorescence analysis of green nanoparticles and red lysotracker-
labeled endolysosomes co-localization ratios by pixel area (left) and total integrated intensities 
(right)
Bars represent averages ± sample standard deviations for 3 images for each condition. The 

area is the number of pixels above a threshold background value in the green and red 

fluorescent channels. There is no statistical significance in the area ratio differences. * 

denotes statistical significance (p < 0.05) between NGPEGSSF and NGPEGMBAF in 

integrated intensity ratio.
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Figure 3. Mid-sagittal cross-sections of bovine knee explants from the load-bearing region of the 
femoral condyles with the top representing the articular surface after 24 h incubation with 
FITC-labeled nanoparticles
(Top) NGPEGSSF and (Bottom) NGPEGMBAF. Left panel represents normal healthy 

cartilage incubated with fluorescent (A) NGPEGSSF or (C) NGPEGMBAF showing 

minimal diffusion of fluorescent particles. Right panel represents (B) NGPEGSSF and (D) 

NGPEGMBAF diffusing through the inflamed, aggrecan-depleted ex vivo cartilage explants. 

Scale bar represents 100 µm.
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Figure 4. Average intensity analysis of the articular surface incubated with fluorescent 
nanoparticles indicates significantly higher fluorescence observed in inflamed, aggrecan-depleted 
cartilage (Trypsin + IL-1β) demonstrating greater penetration of nanoparticles
Significance denoted as ** with p < 0.01. Bars represent intensity averages ± SEM of 3 

independent areas at the articular surface.

Lin et al. Page 11

Nanomedicine. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Normalized IL-6 production by IL-1β inflamed, aggrecan-depleted cartilage plugs 
dosed with nanoparticles loaded with and without KAFAK
Treatments were added on day 2 after IL-1β stimulation. (A) Negative control, healthy 

cartilage without IL-1β stimulation. (B-E) Aggrecan-depleted plugs dosed with IL-1β and 

treated with (B) PBS, (C) free KAFAK, (D) empty NGPEGSS, (E) KAFAK-loaded 

NGPEGSS, (F) empty NGPEGMBA, and (G) KAFAK-loaded NGPEGMBA nanoparticles. 

Plots are normalized to individual plug weight and IL-6 production from the control and 

represent average ± SEM (n = 3). * denotes p < 0.05 and ** p < 0.01 with respect to the 

IL-1β positive control (plot B). + denotes a significant difference (p < 0.05) in IL-6 

production between KAFAK-loaded NGPEGSS and NGPEGMBA nanoparticles on days 6 

and 8.
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